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 
Abstract—A Monte Carlo simulation-based computational 
model has been developed for tracing the pathway of light within 
a single layer of tissue like bloodless human brain. A reflectance 
mode source-detector geometry is assumed to illuminate the 
tissue slab with an irradiation of a near infrared wavelength and 
to detect the re-emitted light intensity. Light is considered to be 
attenuated within tissue by scattering and absorption. The model 
has been used to predict the relationship of mean optical path of 
photons with variable source-detector geometry and thus, to 
determine a differential pathlength factor (DPF) of 5.66 for 
incident light of wavelength 810 nm. 
 
I. INTRODUCTION 
Scattered light from biological tissues holds a significant 
role in the field of non-invasive clinical diagnosis. A wide 
range of biomedical applications including 
photoplethysmography (PPG) [1], near-infrared spectroscopy 
(NIRS) [2], optical blood glucose monitoring [3] and laser 
Doppler flowmetry (LDF) [4] rely on the analysis of detected 
light intensity re-emitted or reflected or transmitted from 
tissue. Despite this there is still a significant lack of 
understanding of the distribution of photon paths within tissue 
and the depth photons penetrate into the tissue.  
 Most human tissues are highly scattering media of varying 
absorbance at visible and near infrared optical wavelengths. 
Photons are typically scattered multiple times before 
absorption. Also, scattering occurs randomly.  As a result, the 
distribution of the paths of photons within tissue is too 
complex to be modeled analytically.  This problem therefore 
calls for other modeling techniques such as a Monte Carlo 
simulation. The Monte Carlo simulation is a well-known 
approach to model photon propagation within tissue [5, 6, 7, 
8, 9]. Conventionally, a Monte Carlo model characterizes a 
scattering and absorbing medium like tissue by its scattering 
coefficient ��, absorption co-efficient �� and anisotropy factor 
g [10]. If a collimated monochromatic beam of light is 
normally incident on the surface of a semi-infinite slab of 
homogeneous tissue, each individual photon enters the tissue 
and most likely undergoes a number of scattering events 
before either being absorbed within the tissue or re-emitted at 
the surface of the slab. The scatter coefficient (��) is defined 
as the mean number of scattering events per unit distance 
travelled by a photon within the medium. Thus, the free path 
length between two consecutive scattering event is 1��. 
Likewise, the free path length between two consecutive 
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absorption events is 1��. Scattering in biological media is 
usually considered anisotropic, i.e. the angle of scatter 
produced at each scattering event is not equally probable for 
all angles [9,10,11]. Thus together with coefficients of 
absorption and scattering, a third parameter comes to play 
which is anisotropy scattering factor g. This term basically 
defines the average cosine of scattering angle caused by 
numbers of scattering events [9,10]. The value of g lies 
between -1 and 1. The usual value of g for tissue lies between 
0.85 and 0.99 [13], which is an indicative of the forward 
scattering in such media. In a medium with � = Ͳ, photons 
would undergo isotropic scattering only [15]. 
      In this paper, a Monte Carlo simulation based model has 
been developed to trace the path of photons within a highly 
scattering medium with low absorbance (optically similar to 
bloodless white brain tissue) for a near infrared wavelength of 
810 nm at different source to detector distances. The optical 
path distribution of photons inside the tissue can be predicted 
from the measure of the Differential Pathlength Factor (DPF). 
DPF is a dimensionless quantity, i.e. a scaling factor that 
relates source-detector separations to the average path length 
photons travel between source and detector [2,16]. DPF is a 
very commonly used term in clinical application like NIRS [2], 
however it can be used for any similar optical detection 
technique to describe the optical path distribution of photons 
within a tissue or tissue-like medium. DPF, which is a function 
of wavelength [16], provides with the information about the 
mean optical path of photons within tissue in a specific source-
detector geometry. The present paper is aimed to show the 
dependence of the optical path of photons on variable source-
detector distances and quantify it in terms of DPF for a 
particular tissue type at a particular wavelength. 
 
II. METHOD 
     A straightforward Monte Carlo model has been derived. 
Necessary computational steps are demonstrated in the 
flowchart in Fig. 1. However, the detailed calculations and 
explanations of every step can be found elsewhere [12].  
    When the model is executed, a ‘virtual’ photon is launched 
onto the ‘tissue surface’ from the emitter. The initial position 
co-ordinate (x,y,z) and direction (�, �) of the launched photon 
is randomly generated but constrained by the limits imposed 
by the radius and numerical aperture (NA) of the source fiber. 
When the photon propagates through tissue, it will most likely 
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to be scattered many times and after a number of scattering 
events, either be absorbed or exit from the tissue surface. The 
step-size, i.e. the free path length of the photon between two 
consecutive scattering events is 
                               ݈ =  − lnሺ�ሻ��                                             (1) 
where �  is a random number (in practice a computer-
generated pseudo-random number). It is noteworthy that the 
Monte Carlo method relies on random sampling of variables 
from probability distributions [11]. The occurrence of the 
scattering and absorption events is decided by comparing a 
random number with the probability of absorption [11,12]. If 
the photon is not absorbed, scattering takes place. The 
direction of scattering is calculated depending on the Henyey 
- Greenstein phase function [12]. The position and direction 
of the scattered photon are updated [12]. If the scattered 
photon leaves the tissue medium, a check is made to see if the 
photon has fulfilled the detection criteria, i.e. the photon must 
arrive at the tip of detector fiber within its cone of acceptance. 
If so, several variables are recorded, e.g. the photon’s path, 
total path length, time of flight, maximum penetration depth 
etc. The photon might scatter several times within the tissue 
before it is terminated, i.e. it is detected, absorbed or exits the 
tissue surface without being detected; and a new photon is 
launched. 
 
 
Figure 1. Flow chart for Monte Carlo model for light propagation through a 
single tissue layer. 
 
      In the present piece of work, a homogeneous semi-infinite 
slab replicated a monolayer tissue section. It was assumed to 
be illuminated by an optical radiation of near infrared 
wavelength 810 nm. The tissue- slab was characterized by the 
optical properties similar to those of tissue like bloodless 
white human brain matter [13]. The values of the parameters 
used for this particular wavelength were �� = 3͸.3͸ ݉݉−1 , �� = Ͳ.Ͳͻ ݉݉−1 , � = Ͳ.ͺ͹͸. In a three-dimensional 
Cartesian geometry, the tissue boundary was defined by the 
plane � = Ͳ. The radiation was supposed to be emitted from 
a circular source (S) of radius 0.4 mm with its axis along the 
z-direction, placed on the tissue surface so that the center of 
the source was at the origin (0,0,0) of the co-ordinate system.  
In this ‘reflectance mode’ source-detector architecture, the 
scattered light intensity from tissue was supposed to be 
detected by a circular detector (D) of radius 0.8 mm placed on 
the tissue surface at a distance d from the source so that the 
co-ordinate of the center of the detector is at (d, 0, 0). The 
model was executed for different d, e.g. 3, 5, 7 and 11 mm. 
For each detected photon, its total optical path length, i.e. the 
sum of its free pathlengths l (Eq. (1)), was recorded. Finally 
the mean pathlength OP was calculated.  The differential 
pathlength factor ቀ�ܲ� = �௘�௡ ை௉ ሺ௠௠ሻௗሺ௠௠ሻ ቁ was also calculated 
for this tissue. The script was written in MATLAB version 
8.3.0.532. Program has been executed on a Dell computer 
with Intel 3.4 GHz dual core processor.  
 
III. RESULTS 
 
 
Figure 2. The path is traced for a single photon (a). Blue dots are the position 
co-ordinates of the photon, red dashed line is the optical path followed. The 
scattering distribution for a photon packet is shown in (b). The color bar 
represents the distribution of intensity I (number density of photons) between 
its minimum and maximum value.  
  
Fig. 2 exhibits the ‘typical’ path of photon(s) within tissue 
from source S to detector D which are placed on tissue surface 
(z = 0) with an inter-optode spacing of 7 mm. Fig. 2a shows 
the path a single photon typically takes within tissue between 
S and D. Fig. 2b shows how a light beam (photon packet) 
travels within tissue. It is a smoothed density plot [14] which 
provides with the information about distribution of the 
intensity (number density) I of the scattered photons within 
the medium.  
     Fig. 3 depicts how the mean optical path of photons within 
tissue varies with variable source-detector distance, i.e. 3, 5, 
7 and 11 mm respectively. A clear trend of increasing 
penetration depth of photons is visible for increasing 
separation, d. All simulations modelled 107 incident photons.  
 
 
Figure 3. Difference in optical paths of photon packets for variable source-
to-detector distances is shown. Figures (a), (b), (c) and (d) exhibit the S-D 
separations 3, 5, 7 and 11 mm respectively.  
 
The trend found in Fig. 3 that OP increases with d can be 
elucidated by Fig. 4, where mean OP is found to exhibit a     
Figure 4. Graph of mean optical path length against source-detector 
separation. 
linear relationship with d. The program was run to detect a ͳͲ7number of photons within the range 0 ≤ d ≤ 7 mm and the 
mean optical paths of photons at different d were calculated. 
Clearly, more number of photons are detected near the source 
so the curve is very smooth at smaller d. But it gets rougher 
at higher inter-optode spacing due to detection of 
comparatively lesser numbers of photons at the same time.  
The slope of the curve is shown to be 5.66, which in turn is 
the measure of the DPF. The DPF is found to be constant 
throughout the range of variable source-detector geometry.  
    
IV.  DISCUSSION 
    The results presented in this paper describe the distribution 
of optical paths within a certain tissue illuminated by infrared 
radiation of wavelength 810 nm. It is apparent in Fig. 2 that 
‘a typical’ photon travels through a depth roughly equal to 
half the inter-optode distance before detection at the surface. 
At smaller and larger depth, the photon density decreases 
noticeably. As expected, the intensity of photons (Fig. 2b) is 
maximal near the source and detector.  Since the detector 
diameter is larger than that of the source, the intensity near the 
source is greater than near the detector. Though a small 
number of photons take the smallest path between the source 
and detector (i.e. move approximately laterally), most of the 
photons take a ‘banana shaped’ path between the source to 
detector within the tissue.  
    In this context, another important study is about the 
relationship of the mean optical path (ܱܲ) within tissue to the 
source-detector separation (�) which illustrated by in Fig. 3. 
Interestingly, a clear increase in penetration depth is shown 
for increasing source-detector separation.  
    Fig. 3 provides with a visual impression of the relationship 
between mean OP and d, which is explicitly shown in Fig. 4. 
In this graph, mean OP exhibits a linear relationship with d, 
suggesting DPF is approximately constant for a particular 
wavelength and basic geometry, and independent of the 
source-detector separation. 
                 
V. CONCLUSION 
      The model describes the mean optical path of the photon, 
shows how the optical path changes with the change of source 
and detector separations and gives a visual idea about the 
penetration depth of light within tissue. It estimates the DPF 
value which basically links quantitatively the path of photons 
within tissue with source-detector geometry of the probing 
system.  
        In this paper, the Monte Carlo model has been applied 
only to one tissue type and illuminating wavelength. Ongoing 
studies with this model will be subjected to rigorous analysis 
with different tissue types and multiple wavelength ranges. It 
should be noted here that the main drawback of the Monte 
Carlo technique is its consumption of huge computational 
time. Present works also concentrate on making the program 
faster so that much more number of photons can be examined 
to enhance the accuracy of results. Following validation of the 
model, it would be applied to specific tissues in an attempt to 
 
  
gain better understanding in the field of light-tissue 
interaction. Such knowledge is invaluable for the design of 
more effective non-invasive and wearable optical sensors. 
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